The interaction of the wake between pairs of long flexible cylindrical structures is of major consequence in the design of offshore oil and gas production facilities. Modern designs of these facilities often utilize arrays of flexible pipes (risers) extending from the mean water line to the mud-line and then to the subsea reservoir. As ocean currents interact with these structures, wakes are formed at the upstream structure and propagate to the downstream structure (a perturbed flow-field) resulting in a modified force on the downstream structure.
Problem Definition & Test Matrix
illustrates a typical scenario of the problem at hand, where two short cylindrical sections are placed in a steady flow with predefined, fixed, center to center lateral and transverse distances (L and T respectively).
A test matrix was prepared to simulate a variety of cases during the CFD study. The cases consisted of several combinations of two cylinders mounted with ADFS or strakes.
The focus of the CFD study is to generate the hydrodynamic databases for an ADFS upstream to a straked cylinder downstream (denoted by ADFS-strake). Note that two different sized upstream cylinders are investigated for the ADFS-strake cases, giving rise to the large ADFSstrake and small ADFS-strake naming convention. In addition, a few test cases are simulated to obtain a small set of hydrodynamic coefficients suitable for a straked cylinder upstream to an ADFS downstream (denoted by strake-large ADFS). Some of the cases are benchmark 
Figure 1 -Sketch illustrating a typical configuration of interest of ADFS mounted cylinder upstream to straked cylinder downstream. All values of L and T that are quoted in terms of length scales refer to the diameter of the upstream cylinder

CFD Simulation Setup
ACUSIM Software's CFD solver, AcuSolve, has been used extensively to model various aspects of offshore structures [6, 7, 8] . Chevron has previously worked with ACUSIM and have evolved general guidelines describing the appropriate modeling techniques required to produce accurate results for lift and drag on risers [9, 10] . These same modeling guidelines were relied on heavily to complete the CFD investigation of the wake interaction between the cylinders mounted with strakes and ADFS.
The present state of the art modeling technique used to produce estimates of lift and drag forces on cylinders employs a transient simulation approach with a high resolution turbulence model to resolve the wake vortex structures. The simulation proceeds in the time domain, producing an estimate of the 3-dimensional vortices that are created in the wake, and tracking their propagation downstream. The simulations are run for 10-20 shedding cycles of the vortex shedding to acquire statistics about the lift and drag forces as well as the time averaged velocity field in the wake. The parameters and settings important to the CFD simulations will be described in the following sections. The various scenarios that were investigated as part of this study consisted of modeling different combinations of the devices shown in Figure 5 . In addition to varying the devices that were present in the simulation, the relative positioning of the devices was also varied.
A simple diagram illustrating a typical configuration with a large ADFS in the upstream position and a straked cylinder in the downstream position is shown in Figure 1 . Figure 1 also portrays the parameters that were varied in the series of simulations that was performed.
To simplify model construction, the size of the bounding box around the cylinder configuration was held constant for all simulations. Figure 6 shows the nomenclature used when discussing the bounds of the models. The values corresponding to each dimension are shown in Table 1 . The span-wise extent of the domain was controlled based on the desire to use periodic boundary conditions to model a small unit section of the configuration. The strake design that was investigated in these simulations utilizes 3 helical fins having a pitch of 15 times the cylinder diameter. This produces a geometry that is periodic every 1/3 revolution of the strake. Past experience has shown that modeling 2/3 of the pitch provides an appropriate span-wise domain extent [9] . With these constraints in mind, the span was set to 142.5 inches. Note that the mesh was constructed on a domain having a span corresponding to 7.5 times the cylinder diameter. The resulting mesh was then scaled in the span wise direction to provide the appropriate geometry. This step was performed to produce anisotropic surface and volume elements and maintain a reasonable mesh size that is consistent with the accepted modeling practice [10] .
The width of the domain was set to produce approximately 1.5% flow area blockage based on the projected area of the large ADFS. General guidelines for modeling bluff body flows indicate that 5% flow area blockage is acceptable to produce geometry independent results. However, sensitivity studies on the large ADFS geometry showed that there was a significant change in the drag coefficient when the blockage was changed from 3% to 1.5%. This indicates that the general guideline for such flows may need to be revised for this application. Copyright © 2011 by ASME The length of the domain was selected to provide approximately 14 times the diameter of the large ADFS in the upstream direction and a sufficient length to propagate the wake downstream for the case having the largest value of L (as shown in Figure 1 ).
All geometries were created using a python scripting interface to the Parasolid geometry modeling kernel. This enabled rapid construction of the various scenarios that were investigated.
Material Model
The working fluid in all simulations was specified as fresh water. Since the simulations were performed isothermally, the only material properties that need to be specified are the density and viscosity. The material properties were taken at 68° F and are shown in the following table. The results of interest from the simulations are the lift and drag coefficients, which are non-dimensional quantities. Therefore, the choice of material properties (i.e. fresh water vs. sea water) is somewhat irrelevant. It should be noted, however, that the lift and drag may contain some sensitivity to the Reynolds Number. This should be kept in mind if the data is extrapolated to other operating conditions with drastically different Reynolds Numbers.
Mesh Generation
All mesh generation for this study was performed using AcuConsole. Unstructured tetrahedra meshes were used except near the walls of the ADFS and strake. Here, structured tetrahedras were used to provide sufficient boundary layer resolution. The near wall mesh spacing for boundary layers was set to 0.02 inches, and the elements were grown with a stretch ratio of 1.35 until they blended smoothly into the surrounding volume mesh. The surface mesh size on each VIV mitigation device was set to correspond to 90 elements around the circumference of the cylinder that it was mounted on. Zone mesh refinement regions were used to control the volume element mesh size near the devices, and also in their wakes. Figure 7 shows the extent of the refinement zones on a characteristic case.
Table 2 -Material properties of water used in the simulations
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The extents of the zone mesh refinement regions were adjusted on a per case basis to be a function of L (as shown in Figure 1 ). This provided some optimization of computational time for the cases that had smaller streamwise spacing. The mesh size in the near field refinement zones was determined based on the mesh sensitivity study, and set to 1.0765 inches. In the wake, the volume mesh size was set to 2.15305 inches. Typical model sizes based on these mesh controls were 2-3 million nodes depending on the scenario that was being considered.
Representative images of a typical mesh are shown in Figure 8 . Note the 2x anisotropy in the span wise direction. 
Time Integration
A constant time step size was used for all analyses performed in this work. The time integration algorithm consists of a semi implicit second order accurate generalize alpha method. Based on the time step sensitivity study, a step size of 0.04 seconds was selected.
The simulations were run for a total of 2000 steps, to yield a total of 80 seconds of simulation time. These settings were used for all analyses with the exception of case 21, which utilized a reduced inlet velocity. For this simulation, the time step size was doubled to 0.08 seconds.
Initial Conditions
The initial conditions for each case were set based on a "best guess" approach. Many cases had similar geometry to ones that were run previously. For those applications, the initial conditions were interpolated from the previous runs. When this was not possible (i.e. the first few cases that were run), the initial conditions were set to constant values corresponding to the inlet conditions for velocity and eddy viscosity, and zero for pressure.
Cylinder Boundary Conditions
A combination of nodal and element boundary conditions were required to properly constrain the model. Figure 9 illustrates the surfaces that were used for the application of boundary conditions.
A description of the boundary conditions that were applied to each of the surfaces for the solution variables that were present in the wake simulations is presented in Table 3 . Past experience has shown that the use of a high resolution turbulence model such as DDES is necessary to produce accurate results in flows exhibiting massive separation as in the wake of the cylinders [10] .
Solver Settings
The solver settings used in this analysis were generated using the AUTO_SOLUTION_ STRATEGY function within AcuSolve [5] . A transient simulation was specified in the ANALYSIS command, and the appropriate staggers, time integration algorithm, and linear solver settings were then generated. The number of passes through the staggers at every nonlinear iteration was set to three.
Sensitivity Studies
Sensitivity studies were performed to determine the appropriate modeling methodology for the cylinder wake simulations. The sensitivities that were investigated include domain size, mesh density and distribution, and time step size. Because the modeling methodology applied in this work was based on previous experience, the sensitivity studies were not exhaustive. However, they were sufficient to show that the results of interest (lift and drag coefficients) were relatively insensitive to the parameters that were investigated. Copyright © 2011 by ASME
Mesh Sensitivity
The mesh sensitivity study was performed on a rigidly mounted large ADFS geometry. This case was expected to have the most stringent meshing requirements and was therefore selected as the case to use. A total of three meshes were constructed. The node count for each mesh is shown in Table 4 . Mesh 1 was constructed as the initial mesh using a best guess at appropriate element sizes. Mesh 2 represents a refinement with respect to the initial mesh. Mesh 3 was constructed to provide an intermediate model size between the first two cases that were constructed. This was done to evaluate if the model could be coarsened with respect to mesh 2 while providing equivalent results at reduced computational expense.
The mesh sensitivity cases were run using the DDES turbulence model and a constant time step size. All cases were run for a total of 2000 time steps. The mean lift and drag coefficients on the large ADFS were used as the metric for judging grid convergence. The lift and drag coefficients are shown in Table 5 . Note that the drag coefficients are higher than expected, which was later attributed to the blockage associated with the domain size.
No significant sensitivity to mesh density was observed in the results from these three simulations. Based on these results, the mesh density used in mesh 3 was deemed to be appropriate for the remainder of the simulations.
Time Step Sensitivity
The time step sensitivity study was performed using the large ADFS geometry as well. The DDES turbulence model was used, and the simulations were performed on mesh 1. The time step size and resulting lift and drag coefficients for each simulation are shown in Table 6 . Copyright © 2011 by ASME Table 6 shows a slight increase in the drag coefficient as the time step size was reduced.
Inspection of the time history of the lift and drag shows the reason for the increase. Due to the reduced time step size and fixed number of time steps (i.e. 2000), the total simulation time that the results were averaged over was less for the reduced time step case. This caused any temporal excursions in the drag to be weighted more heavily in the results. With this in mind, the simulations were judged to be converged with respect to time step size when using an increment of 0.04 s.
Domain Size Sensitivity
The mesh and time step sensitivity studies were performed using a bounding box size that resulted in an area blockage of approximately 3% for the large ADFS. All of these results yielded a higher drag coefficient than what was expected. To investigate this finding, the size of the domain was increased to reduce the blockage area down to 1.5%. This action resulted in a significant decrease in the drag coefficient, bringing it into better agreement with the expected results. Note that both cases were run using the DDES turbulence model, time step size of 0.04 s., and mesh controls corresponding to mesh 3.
Based on these results, all subsequent simulations were run using the outer bounding box size that corresponds to the 1.5% area blockage.
Key Results
The primary results of interest from these simulations are the mean lift and drag coefficients on each of the structures present in the model for use in riser array clearance studies. These values have been tabulated and are presented in Appendix B.
Lift and Drag Coefficient Computation
The lift and drag coefficients were computed using the following formula: Cases 25, 26, 26a (Baseline cases for each device)
Cases 25, 26, and 26a serve as the baseline cases for cylinders containing strakes, the large ADFS, and the small ADFS, respectively. Each of these simulations contained only one object, meaning that were was no wake interference effect in the simulations. The purpose of each of these cases was to establish a baseline value for the lift and drag coefficient on each device.
The expected drag values for the ADFS is approximately 0.55 [3] . For the large ADFS baseline case (i.e. case 26), the predicted drag is 0.68. For the small ADFS baseline case (case 26a), the predicted drag is 0.63. Both values deviate somewhat from the expected value. However, as mentioned earlier, this deviation is hypothesized to be caused by the change in the percent blockage between the simulations.
The baseline drag coefficient of the straked cylinder (case 25) was found to be 1.51, which is in good agreement with the expected results [3] .
Cases 28-30 (small ADFS-strake, L=varied, T=0.0)
Cases 28-30 were designed to investigate the impact of placing a small ADFS upstream of a straked cylinder. For all cases in this group, the ADFS and strake are in line with each other.
In each case, the downstream placement of the straked cylinder is varied. The downstream placements that were investigated were L=4, 10, and 20.
The drag on the ADFS was seen to decrease substantially when the straked cylinder was placed in the L=4 position. This placement changes the formation of the wake and prevents it from organizing into the periodic vortex shedding that was seen in case 26a. The end result is a decrease in drag on the small ADFS. As the distance between the ADFS and the straked cylinder was increased, the drag coefficient on the small ADFS increased. At the L=20 position, the impact of the downstream device was negligible and the drag had returned to the baseline small ADFS value.
The drag coefficient on the straked cylinder displayed non-monotonic behavior for this group of cases. The L=10 position produced the highest drag coefficient. All three configurations reflected a decrease in drag coefficient when compared to the baseline strake case, owing to the wake defect of the upstream device. This overall reduction in drag coefficient is placement of the straked cylinder is varied. The downstream placements that were investigated were L=4, 10, and 20.
In contrast to cases 28-30, this group of simulations produced monotonic behavior for the drag coefficients on both the upstream and downstream device. As the distance between the cylinders increased, the drag on the ADFS increased, while the drag on the straked cylinder decreased. As was seen in previous simulations, the inclusion of a cross-stream offset also induced a negative lifting force on both the ADFS and the strake. As the spacing between the two devices increased, the magnitude of the lifting force decreased. In each case, the downstream placement of the ADFS is varied. The downstream placements that were investigated were L=4, 10, and 20.
The placement of the strake in the upstream position generates a low velocity wake defect.
This process leads to a reduction in drag coefficient on the ADFS when compared to the baseline case. When looking at the L=4 case, the large ADFS has a drag coefficient that is reduced to 50% of the baseline value, indicating a significant amount of wake defect. As the separation between the devices increases, the drag coefficient on the ADFS increases as the upstream flow recovers, but never asymptotes to the baseline value. Significantly larger downstream spacing would be necessary to reach this point.
This group of simulations produced a monotonically increasing drag coefficient for the straked cylinder. At the largest spacing that was investigated, the straked cylinder still displays some impact of the downstream device. In the L=20 configuration, the drag coefficient on the straked cylinder is approximately 6% lower than what was measured in the baseline strake case.
Cases 37-39 (strake-large ADFS, L=varied, T=1.0)
Cases 37-39 represent a repeat of cases 34-36 with the inclusion of cross stream offset.
In all cases, the ADFS and strake are offset by T=1. In each case within this group, the downstream placement of the ADFS is varied. The downstream placements that were investigated were L=4, 10, and 20.
This group of simulations produced a monotonically increasing drag coefficient for the large ADFS. The lift coefficient, however, peaked in magnitude for the L=10 case. As was seen with other cases, the lift was acting in the negative direction for all cases, indicating that the ADFS is being pulled back towards alignment with the strake.
The straked cylinder proved to have different behavior in this group of simulations when compared to cases 34-36. As opposed to having monotonically increasing drag, the drag coefficient peaked for the L=4 case. In comparison to case 34, the drag was higher by approximately 25% when the offset was introduced.
Cases 34-39 represent the strake-large ADFS scenarios that were investigated. The results of these simulations are presented graphically in the following four figures to better illustrate the trends seen in these results. Figure 18 shows the drag coefficient of the upstream strakes, while the lift is shown in Figure 19 Copyright © 2011 by ASME
Conclusion
The interaction of a pair of cylinders mounted with strakes and the ADFS have been simulated using CFD in this project with the idea of building a hydrodynamic database to evaluate the shielding effect. A total of 38 scenarios were investigated, providing a comprehensive set of lift and drag coefficients for the different conditions. This database of lift and drag coefficients can be used to model the shielding effect between a pair of marine risers, with one using ADFS as the VIV mitigation device and the other production/water-injection TTR using strakes as the VIV mitigation device.
The adequacy of the methodology, the results of the CFD simulations and the use of the databases for interference assessment of risers were carefully reviewed and deemed satisfactory. These full scale simulations compliment other studies of cylinder wake interference showing strong interactions can occur, potentially affecting global riser performance.
Suggestions for further work are as follows:
• Representative cases may need to be tested using physical prototypes or scaled models in a testing tank. These tests should be performed to ensure that the hydrodynamic coefficients from CFD simulations are in agreement with physical experimental values.
In particular, the following cases should be considered:
a. Due to various modeling assumptions (e.g., no spatial correlation, no 3D effects, rotations not allowed), the results from the CFD simulations may need to be benchmarked. The higher values of mean drag coefficients for the standalone cylinders (ADFS alone or strakes alone) needs to be investigated further.
b. Another important issue that needs investigation is the VIV of the downstream cylinder (with ADFS or strake) when it is in the wake of another cylinder, particularly for a straked riser downstream to a large ADFS.
• Further works proposed include the possible optimization of the ADFS configuration and obtaining the prying loads on the ADFS (from the data generated during the CFD study) to ensure the integrity of the ADFS, particularly when in extreme current environments.
